Abstract-Infrared (IR) and terahertz (THz) spectroscopy simulations were carried out using CHARMM35b2 to determine protein stability. The stabilities of three hyperthermophilic cold shock proteins (Csps) originating from mesophiles, thermophiles, and hyperthermophiles, respectively, were investigated in this study. The three different Csps were investigated by normal-mode analysis and molecular dynamics simulation of THz spectra using the Hessian matrix for solvated systems, interpreted in the harmonic approximation at optimum near-melting temperatures of each homologue, by incorporating differences in the hydrous and anhydrous states of the Csps. The results show slight variations in the largescale protein motion. However, the IR spectra of Csps observed at the low-frequency saddle surface region, clearly distinguishes the thermophilic and mesophilic proteins based on their stability. Further studies on protein stability employing low-frequency collective modes have the potential to reveal functionally important conformational changes that are biologically significant.
I. INTRODUCTION

M
ICROBIAL cells (and in particular bacteria) have evolved to survive, grow, and reproduce in vastly different environments, even at elevated temperatures where the basic reactions of most living cells have to be adjusted to cope with altered reaction kinetics and changed biomolecular structures. Thermophilic bacteria synthesize ultrastable proteins; however, these enzymes are nearly inactive at room temperature as a result of their compactness and rigidity. Thermotoga maritima is a hyperthermophilic bacteria species discovered at a marine geothermal area near Vulcano, Italy, that reside in hot springs as well as hydrothermal vents. The ideal environment for the organism is a water temperature of 80°C (176°F), though it is capable of growing in waters of 55-90°C. Bacillus caldolyticus is a thermophilic bacterium found in hot springs and geysers at Yellowstone National Park. Its optimum growth temperature is 67°C but it can be adapted to grow as high as 100°C. Bacillus subtilis is a mesophilic bacterium with optimum growth temperature of 25-35°C. Cold shock proteins (Csps) have become an area of considerable interest in recent years. Studies have shown that hyperthermophilic Csp act as RNA chaperones by destabilizing RNA secondary structures and by promoting protein translation as an adaptive mechanism to low temperature stress. In most cases, thermophilic and mesophilic Csp homologues have similar stabilities at the optimum growth temperatures of their respective source organisms. New approaches to investigate the chemical structure and conformation of these proteins at extreme conditions are overdue. So far only a very few IR studies of enzymes have considered the effect of the presence of bound water on the spectra of proteins, and in most studies, the rules for protein thermostability were deduced from sequencebased analysis pertaining to the fraction of polar surface, balance between packing and solubility, and Van der Waals contacts [1] . The potential for extrapolating secondary structural variations by examining vibrational spectral characteristic geometries of Csps is another motivation for this study [2] .
From both experimental and simulation side, several techniques have been employed by various researchers to study the large-scale motions of biomolecules including small-angle X-ray scattering [3] , far-infrared (FIR) absorbance spectra [4] - [8] , and transmission spectra [9] , [10] . Likewise, ultrafast optical-heterodyne-detected Raman-induced Kerr effect spectroscopy (OHD-RIKES) [11] has also been used. For the past three decades, both normal-mode analysis (NMA) and molecular-dynamics (MD) simulations have proved to be very useful for the theoretical study of nonlocalized motions in proteins and other organic molecules. Recent investigations on lowfrequency spectra and mode shapes include the study of conformational heterogeneity in the enzyme named dihydrofolate reductase [12] , as well as measuring the low-frequency vibrational spectra of amino acids [13] . Recently structurally similar yet functionally different G-protein-coupled receptor (GPCR) proteins were studied at low frequencies [2] , [6] , [14] , [15] . Similar studies have been carried out, at low frequency to identify structural differences in both apo and holo (adenosine monophosphate (AMP)-bound) ricin-A-chain molecules, by Zhang et al. [16] . Similarly, low-frequency vibrational response of hydrated lysozymes were studied by Knab et al. [17] and other computational techniques has been used for analyzing the dynamics of biomolecules via IR spectroscopy [18] - [20] , spectral density calculations [21] , and the energy flow in biomolecules [22] . Also, studies related to the vibrational spectra in closed shell Lennard-Jones clusters, as well as the effect of hydration on the spectra of proteins involving biomolecule water interactions have been considered in the literature [23] , [24] . It is useful to compare these results with two recent studies of thermophiles carried out by Wintrode et al. [25] and Lazaridis et al. [26] that show naturally evolved thermophilic enzymes have different conformational mobilities compared to laboratory designed enzyme analogues, thus identifying the molecular origin of high temperature adaptations. The former study suggest that lysine residues would prefer to stabilize their native state entropically, and amino acid substitutions would result in a noticeable stabilization of proteins.
The key motivation for studying the internal motions of protein dynamics at molecular level comes from two fundamental aspects of protein action: 1) Low-frequency large scale motions of proteins that are related to functional properties and 2) protein function, such as protein dynamics, structural transitions, stability rates, and unfolding pathways [27] . Conformational changes can be achieved by activating the different modes to cross lowenergy barriers by ligand binding or environmental changes like temperature, pH, and the use of organic solvents [28] , [29] . In terms of protein stability, enzymes that have evolved from thermophilic to hyperthermophilic organisms have attracted considerable attention, mainly because they are paradigms for delineating protein stability. Moreover, no standard theory has been formulated so far to evaluate protein thermostability because this involves the interplay of several factors including secondary structures, cavities, polar surface fractions, hydrogen bonding networks, improved packing, and ion pair formation. For instance, it was found that the electrostatic contributions to the thermal stability of proteins in terms of salt bridges and network of ion pairs have a predominant role in ferredoxin and DNA-binding protein Sac7d [30] , [31] . Grottesi et al. [32] performed MD simulations on hyperthermophilic and mesophilic iron-sulfur rubredoxin, and their simulations showed that the thermostability in hyperthermophilic rubredoxin increases remarkably compared to their mesophilic counterpart. It is noted that increased hydrophobic core packing density and decreased cavities led to enhanced thermostability in aldehyde ferredoxin oxidoreductase [33] . In a recent MD study, Purmonen et al. [34] showed that using a combination of 11 xylanases mutagenesis takes place on potential targets in the protein, enhancing the thermostability. Another study by Mombelli et al. [35] confirms that single amino acid of phenylalanine-31 mutation enhanced the thermostability in the ribonuclease P2. The strongest correlation between thermostability and structural parameter is observed in the case of electrostatic interactions and ion-network formations.
Unlike mesophilic Csp, hyperthermophilic Thermotoga maritima Csps (TmCsp) have optimum free energy difference (ΔG = −0.3 kcal/mol at T opt = 353 K) that is smaller than the nonhyper thermophilic Csps of E. coli (ΔG = −2.2 kcal/mol at T opt = 310 K) and Bacillus subtilis (ΔG = −1.5 kcal/mol at T opt = 310 K). In contrast, at room temperature hyperthermophilic TmCsps have ΔG = 4.7 kcal/mol 1.5 times higher than its Csp homologue [36] . In contrast with hyperthermophilic TmCsps, both mesophilic B. subtilis (BsCsps) and thermophilic B. caldolyticus (BcCsps) undergo reversible two-state unfolding. Furthermore, hyperthermophile Csps have 20 times slower unfolding rate compared to its other counterparts [37] . These unique differences between Csps homologues provide further motivation for employing structural dynamics (large scale globular motion) at terahertz (THz) regime that has potential to yield IR spectral signatures. In this paper, the lowest-frequency vibrational motion of three functionally different proteins were investigated with special emphasis given to their thermal responses in terms of IR absorption spectra harmonics. Another motivating factor for the current study comes directly from recent work of structurally similar yet functionally different GPCR membrane proteins such as, bacteriorhodopsin (bR), rhodopsin (Rh), and cone opsins [38] - [41] , as well as applications of MD simulations for analyzing the dynamics of biomolecules with focus on areas most closely connected to IR spectroscopy [42] - [44] .
This paper is largely focused on vacuum simulations of solvated systems at six different growth temperatures of organisms with different Csp. The dynamics of the structure as a function of time and how the Csp transitions from a solvated to a vacuum environment affect the spectral features, thermodynamic, and structural parameters, such as radius of gyration (R gyr ), root mean square deviation (RMSD), solvent accessible surface (SASA), excluding surface area (SESA), and H-bonds formation of protein-water network are analyzed.
II. METHOD
A. Molecules
B. subtilis has a family of three Csps (CspB, CspC, and CspD) with >70% homology but the major constituent is BsCspB (hereafter, referred to as BsCsp). Although Csp from mesophilic and thermophilic organisms differ widely in their stabilities, they show close structural similarities. The Csp from hyperthermophilic T. maritima, TmCsp shows 76% homology to the Csp from thermophilic B. caldolyticus, BcCsp and 61% homology to mesophilic B. subtilis, BsCsp, whereas the thermal stability T melt : 82°C (T melt denotes the melting temperature) of TmCsp exceeds that of BcCsp with T melt : 77°C and BsCsp with T melt : 54°C. The structure of hyperthermophilic TmCsp was derived from the NMR structure data [44] , and the structures of the thermophilic (BcCsp) and mesophilic (BsCsp) proteins were derived from the X-ray results [45] , [46] . RCSB (USA) Protein Data Bank entries (TmCsp), (BcCsp), and (BsCspB) served as the starting structures for setting up the simulations as shown in Fig. 1 . The program CHARMM35b2 with the CHARMM22 parameter set [48] was employed for all the calculations.
B. NMA of Hydrated Versus Nonhydrated
The crystal structures of these proteins were inappropriate for direct harmonic analysis due to poor nonbonding contacts and unoptimized internal geometries. For normal-mode calculations, it was necessary to first relax the molecule via optimization. The mass-weighted Hessian was, therefore, diagonalized to obtain the harmonic normal-mode frequencies. The resulting eigenvalues from this diagonalization were weighted until the eigenvalues attained a stable minimum. A series of energy minimization steps were carried out to satisfy this requirement. These steps were carried out using cycles of the steepestdescent and the adopted basis Newton-Raphson algorithms [49] , [50] . Harmonic constraints were initially applied on the protein backbones, and were progressively reduced at each cycle (10 k cal mol −1Å −2 , 5 k cal mol −1Å −2 , and 2 k cal mol −1Å −2 ); finally, the constraints were removed and free minimization steps were carried out for an additional 20 000 iterations using adopted-basis Newton-Raphson algorithm until the average gradient of the potential energy reached 10 −6 kcalmol −1Å −2 (i.e., 0.00001). The nonbonded interactions were truncated at 13Å and the van-der-Waals interactions were switched OFF between 10 and 12Å. Normal modes were obtained using VIBRAN option a commonly used approach. Similarly, for solvation of protein water, all the proteins were soaked in TIP3P water, from the base of the protein surface a sequences of thickness, 2, 2.5, 3, 3.5, 4, and 4.5Å of hydrated TIP3P was added to the homologue. Further minimization and diagonalization schemes were employed similar to vacuum calculations reported commonly in the literature [51] - [53] . It is worth mentioning that the calculation of the H-bonding network between the protein and water shell from molecular dynamics and quantum mechanical computations suggest that this phase arises due to the rapid disruption and reformation of individual hydrogen bonds. That is, this process may reflect water molecules that liberate slightly from their most stable hydrogen bonding geometry, breaking a single hydrogen bond before relaxing back to the same position and reforming the bond. Consistent with this argument, the rate we observe for this process is independent of salt concentration, which would be expected for a process associated with the breaking and reforming of single hydrogen bonds. This widely cited mechanistic assignment is less easy to reconcile, however, with our observation that, like that of the intermediate relaxation, the absolute amplitude of this fastest relaxation increases.
C. FIR Absorbance Spectra
THz FIR absorbance was calculated for all three proteins based on the absorbance of the fundamental vibrational transitions represented by ν = ν + 1 of each normal mode, Q i , is proportional to the square of the transition dipole moment derivative, δμ i /δQ i . Anharmonicities are not included in this approach. The absorbance is numerically evaluated according to the following [54] - [57] equation:
where the sum is over all 3N Cartesian coordinate displacements, q i,j − q 0 i,j is obtained from the eigenvectors of the Hessian, by dividing it by the square root of the atomic masses. Here, ΔQ i represents the displacement of atoms in the mode Q i , arbitrarily set to one in the approximation of (1), since CHARMM assigns a static partial charge, e 0 j , according to the type of atom regardless of the bond length. The electrical anharmonicity is by definition zero, making the aforementioned approximation necessary. Equation (1) yields the integrated intensity, and therefore, a Lorentzian function was used to describe each line shape according to the following equation:
Here, I i is inserted from (1) and Γ is the full width at half maximum. In this study, these lines were uniformly broadened to a width of Γ = 1 cm −1 without including anharmonicities.
D. Molecular Dynamics Simulation: Protein in Water
Csps were immersed in water (3000 TIP3P) molecules in an octahedral box of side length 55Å with periodic boundary conditions excluding molecules less than 2.2Å from a protein.
The water molecules in the system are in a perturbed environment surrounded by a protein molecule. Initially, a short energy minimization step (to remove van-der-Waals interactions) using harmonically reduced force constraint was applied to the protein. Subsequently, a steepest descent analysis using NewtonRaphson steps was performed. All simulation systems were equilibrated with the following protocol: In the first 100 ps, the system was heated to the working temperature of 300 K using velocity scaling. For the next 50-250 ps a proper equilibration was carried out in which the pressure was kept constant by adapting the extended-pressure algorithm function followed by a production phase step at 300 ps. Simulations were carried out in the isothermal-isobaric (NPT) ensemble at 300 K in which atomic coordinate resolution was 1 fs, and temperature (NoseHoover thermostat) was fixed at T = 300 K, with a pressure p = 1 atm (extended-pressure algorithm implemented in a leap-frog Verlet integrator). In addition, long-range electrostatic interactions were modeled with the particle-mesh Ewald criteria. The width of the Gaussian distribution "K" used in this method was set to 0.34. The grid size of the particle-mesh Ewald method was 64 × 64 × 64Å 3 with a Bspline order of 6Å and nonbonding cutoff of 12Å. During the simulations SHAKE algorithm function was deliberately inactivated to prevent all bond lengths free of their equilibrium values. The integration time step was set at 0.5 fs with every two steps (1 fs) recorded in a trajectory file for further evaluation. It is worth mentioning that in our simulations Csps were immersed in water molecules alone, but we aware of including salt concentrations to show the neutralization. In this context, Csps like globular family proteins are completely different from membrane proteins, if our focus was on membrane proteins then considering neutralization of membrane-proteinwater tertiary system is inevitable, which is a common practice in membrane protein simulation, because there are two dielectric environment in such systems one in lipid bounded area of the protein that has low dielectric permitivity due to lipids and the other is solvated area of the protein that has high dielectric environment. On the other hand, we would like to notify that, in protein dynamics, protein motion becomes faster if we include ions, because ions could induce the hydration water of the solvated system in the presence of ions. In this paper, we did not consider neutralization of protein-water binary systems, because adding ions will not influence much on conserving the protein stability during the evaporation process. Also, we would like to mention that a recent experimental work on THz spectra of glucose [58] shows that NaCl does not act uniformly on the spectroscopic behavior of aqueous glucose in this range and cannot be approximated as transparent holes in the water network. In fact, this study supports our simulation hypothesis, and we confirm that hydrated globular protein like system adding ions may influence little on intermolecular network, which could be negligible.
E. Desolvation Dynamics of Protein in Vacuo
In order to understand the different degrees of local stability at different regions of the protein during the transition from solution to gas phase, MD simulations were performed by IR spectra of proteins, during the dehydration process. These simulations were performed by starting from solvated system; a set of 4.5-Å thickness of water shell of proteins were created from the 250 ps of NPT simulation, i.e., droplets consisting of 529, 497, and 552 water molecules were created. The system was then subjected to minimization; a heating phase temperature of 300 K in steps of 5 K over 50 ps with time steps of 0.5 fs was established. During the equilibration phase, the velocities of atoms were scaled to bring the temperature back to 300 K whenever it deviated by more than 10 K from the reference. This procedure was continued until a time of 250 ps in vacuum was achieved. Finally, the production run was started, in which the system configuration was recorded every 1 fs over a total time of 1 ns. These values were found to increase the accuracy of the simulation without significant impact on the computational step. A simulation time step of 0.5 fs was allowed in order to simulate the high frequency bond vibrations between hydrogen and heavy atoms in the protein. During the simulations the bonds between the hydrogen atoms and the heavy atoms were maintained in the nonrigid mode using the SHAKE algorithm. The rate of sampling corresponded to a maximum frequency of 3600 cm −1 (normally the range is between 2500-3600 cm −1 ). Only a few bond-stretching vibrations occur above this frequency, and therefore, it was necessary to use a very short time step. These conditions in turn lead to a very time consuming simulation. The last 500 000 points (500 ps) of the simulation were used for the analysis. Similarly, all homologues were subjected to initial temperature of 600, 400, 350, 340, and 310 K to run the production dynamics of 500 ps. Using MD simulations, the density of states (DOS) was calculated applying IR spectrum S(ν) of the vibrational motion. The IR spectrum S(ν) is determined from the Fourier transform of the dipole autocorrelation functionC μμ (ν) using the following equation:
where K B and T denotes the Boltzmann constant and the temperature, respectively. n represents number of atoms and M j is the mass of atom j. The dipole autocorrelation function is calculated from MD using
where μ i (τ ) is the dipole vector of the ith atom in a protein molecule at time t and the notations within the angular brackets denote averaging over all atoms in the system. The Fourier transform of the dipole autocorrelation function provides a direct measure of the derived IR spectra as a function of the frequency. Sampling of the dipoles was carried out every 1 fs to obtain the high-frequency modes and less often to obtain the low-frequency modes (5-10 fs).
III. RESULTS AND DISCUSSION
A. NMA and Spectral Intensity Variation Upon Hydration
The amino acid sequences of the three Csp in terms of globular motion are compared in Fig. 1 . BcCsp differs from BsCsp at 12 positions (that said, include a deletion at the C terminus), whereas TmCsp differs from BsCsp at 24 positions (includes three deletions, one insertion and one addition of residue at the C terminus). 42 out of 67 residues are conserved in all three proteins. NMA is based on a harmonic approximation of the potential energy surface at global minimum. Fig. 2 illustrates the THz FIR absorption spectra of each Csp homologues with the corresponding crystallographic structure in vacuo with respect to two different surface water thicknesses (2Å and 2.5Å). The effect of solvent molecules on protein dynamics is an important issue that has been previously addressed by experimental and computational studies [3] , [28] . In vacuo, mesophilic BsCsps have increased absorption Fig. 2(a) , because, if we notice the in-vacuo profile of BsCsp (red line) shows five different peaks from 0-40 cm −1 , which is in the form of ascending order, on the other hand, whereas BcCsp and TmCsp has no strong peaks found in those regions, in particular, TmCsp rarely shows a peak with ascending order for the aforementioned low-frequency regions, explains that BsCsp has more conformational states than rest of its counterparts. Moreover, the absorption of mesophilic Csp, interpretes in comparison with vacuo and 2Å water, 2Å water profile (green line) has low absorption, reflects that protein lost its phonon states in the presence low hydration (2Å) of water, in particular, if we note at region from 60 to 80 cm −1 , the green line has no intensity peak found in comparison with in-vacuo counterpart of the same, protein in 2Å water (green line) is quite comparable to intensity profile of protein with 2.5Å of water (blue line), which clearly indicates the absence of such peak in water profile, confirms that inclusion of water completely changes the low-frequency conformational states (dry or vacuo state) of BsCsp, whereas the same amount of water content did not reduce the absorption of the rest of those two homologues, in fact, there is a peak shift in the entire frequency region of BcCsp, and the same can be seen in TmCsp for the frequency region between 40 and 80 cm −1 . Moreover, the conservation of protein peaks in water profile is similar to vacuo of the respective counterparts, which fulfills the following conditions. 1) The structural strength of protein upon addition of water. 2) Overall the presence of absorption peak in solvated protein is similar to the one in-vacuo with an exception of frequency shift due to mode coupling of water-protein dimeric systems. Hence, we have to clarify that, although 2-Å water profile (green line) in TmCsp has an increased absorption from 0 to 20 cm −1 infers hydration does affects the protein local motions at very low frequency, whereas, as an overall presence of peaks for the entire frequency range is related to protein in vacuo, confirms the existence of protein motion, which is not in the case of mesophilic counterpart.
Hence, upon employing a solvation layer of 2Å (thickness), the minimal absorption peaks of BsCsp indicate that the damping of surface water may influence the collective motion of the mesophilic Csp owing to the lack of ion pairs and weak hydrogen-bond network in the protein-surface water interactions in mesophilic Csp. By contrast, the low absorption peak profile was not observed in the case of BcCsp and TmCsp. Upon addition of a simple water shell of 2Å (thickness), there was no significant change in the low-frequency collective motions in their in-vacuo. Furthermore, upon progressive addition of water (note: 2Å, all homologues tend to form IR modes of water), it was observed that the process of suppression of protein modes was faster in the mesophiles (BsCsp) but slower in thermo and hyperthermophilic homologues (BcCsp and TmCsp). NMA of 2-Å surface water shell mimics the cage effect of water, which in turn affects the protein conformational state [see Fig. 2(a) ]. This behavior confirms that cage effect of water might strongly influence the stability, and hence, the collective motion of the mesophilic BsCsp. In Fig. 2(c) , the increased IR absorption of TmCsp at low-frequency region may be attributed to the ten lysine rich side chains associated with the molecule. For both TmCsp and BcCsp, strong hydrogen bonding was observed. The ion-pair network protects the protein from globular conformational transitions for solvation less than 2.5Å, indicating that due to solvation, the large-scale motion increases in thermophilic Csp as shown in Fig. 2(a)-(c) . Furthermore, Fig. 2(b) and (c) clearly displays the differences in absorption of protein in vacuo and in solvated system at 2 and 2.5-Å water thickness. An increase in amplitude was seen for TmCsps and BcCsps in the solvated system. In addition, it is noticed that as a function of increased solvation, thermophilic TmCsp and BcCsp have gradually increased its amplitude distribution (0-100 cm −1 ). In contrast to thermophiles, BsCsp has an increased overall fluctuations found in vacuo. Overall, the trend behaves as if the TmCsp and BcCsp can undergo concerted motions more often than the BsCsp. However, DOS started increasing upon addition of water to Csps, which was measured as a function of hydration in the THz frequency range as shown in Fig. 3 . When the water concentrations were varied, no strong differences were seen for all the three homologues. It is worth mentioning that in this context, 30 water molecules covered on the protein surface is related to a thickness of 2.0-Å hydration shell, similarly, as shown in Fig. 3 , those corresponding 71, 247, 340, and 409 water molecules are related to a hydration shell thickness of 2.5, 3.0, 3.5, and 4.0Å, respectively. In general, above 85 cm −1 , water molecules undergo a critical transition of low-frequency modes of protein, corresponding to the point at which surface water sites are covered and bulk water begins to appear. This trend could be seen clearly at 30-75 cm −1 as a broadened peak for 247, 340, and 409 water molecules as shown in Fig. 3 . The other striking difference between Csp homologues can be described through direct MD-based calculations of free energy and configurational entropy from the solvation effects at high temperatures. MD produces actual movements of the protein, whereas the NMA technique produce possible movements of the same. In fact, the eigenvalues obtained by NMA can be directly used to calculate differences in vibrational entropy. Using MD-based quasi-harmonic approximations, several authors have explained the important role of charge distribution for the thermostability of various thermophilic and nonthermophilic homologues [59] - [63] . Here, the configurational entropy T S config and specific heat capacity C ν from the mass weighted Hessian matrix were measured. The heat capacity of hydrous proteins, due to the presence of intrinsic covalent interactions, carry an additional component contributed by the solvent. These quantities can be computed directly by considering the following equations:
where α = ( ν i )/K B T with the Planck constant. Moreover, ν i denotes the ith vibrational mode. Fig. 4 (a) and (b) shows that hyperthermophilic TmCsp has higher heat capacity and configurational entropy after increase in temperature, compared to mesophilic BsCsp and the partially hydrated and nonhydrated structures as well. However, there is only a small difference observed between BcCsp and BsCsp, which are more compact for the fully minimized structure, based on time-dependent simulated trajectories for the folded state, the direct calculation from the diagonalization approach shows that the behavior of native TmCsp > native BsCsp, which clearly distinguish between the three entities on a molecular level. It can be deduced that TmCsps are able to absorb more heat compared to their mesophilic counterpart (BsCsp) for each temperature increment. NMA estimates the entropy from an energy minimized structure assuming harmonic potentials. Fig. 4 shows that, all the systems have increased entropy and enthalpy for an increased temperature, which reflects that relatively TmCsp has a higher entropy as well as enthalpy than the other two counterparts. Although we are aware that quasi-harmonic and mining minima approaches are valuable tool to distinguish the enthalpy and entropy differences in protein like systems, these techniques have limitation up to implicit solvent only, that means, contributions from solvation are typically approximated due to the computational expense, whereas the NMA method has an advantages of treating system with explicit solvent. The NMA analysis have thus far suggested that for given temperature, mesophilic protein has relatively lower entropy than its hypherthermophilic homologue. Since we know that the eigenvalues obtained by NMA can be directly used to calculate vibrational entropy differences, which lacks anharmonicity factor, considering such anharmonic term in NMA or improvised NMA could able to distinguish clearly the entropic and enthalpic differences in proteins of same family. Looking at proteins in another context, on the basis of these structures, molecular adaptations that increase thermostability could be identified both within and between the subunits. In particular, combining positive and negative mutations leads to increased thermostability. Razvi et al. [64] showed that introducing a single lysine residue to the surface of ribonuclease can increase the stability of the protein; it is possible that this addition disrupts the existing electrostatic repulsive interactions. Similarly, Ladenstein et al. [65] confirmed that entropic contributions affect configurational states of freedom of similar energy. The authors also showed that the thermophilic glutamate dehydrogenase have higher stability due to the formation of multiple microstates from the contribution of a higher number of aromatic amino acid side chains such as histidine (His), phenylalanine (Phe), tyrosine (Tyr), and tryptophan (Trp). They further showed that the electrostatic contribution of five arginine residues raise the degenerated energy level of the thermophilic proteins, whereas a single arginine of the mesophilic protein contributed to the decreased entropy in glutamate dehydrogenase. The findings in this paper can be correlated with the quasi-harmonic analysis [65] . It can be seen that the higher entropy and heat capacity in TmCsp is an indication of a higher degeneracy of the accessible energy states. Uniformly formed ionic interactions between ten positively charged lysines and nine aromatic side chains are present in TmCsp, compared to BsCsp with only five lysines and eight aromatic side chains. These interactions mean a lower number of ion pairs is formed, which decreases the entropic and specific heat capacities of BsCsp at elevated temperatures. From our findings, it can be estimated that the local internal protein motions of ionic and aromatic amino acids may increase stability by increasing the entropy of the native state. Such motions can also raise the melting temperature of a protein by increasing the heat capacity of the native state, and thus, decreasing the heat capacity differences between the native and its intermediate structures. In order to obtain a quantitative measure of the engagement of the various protein domains in a vibrational mode, we calculated the normalized squared atomic displacements for each C α atom by considering the following equation [66] , [67] :
where of Figs. 5-7 correspond to the most displaced residues in the corresponding mode. Overall, TmCsp have a similar fluctuation profile both in vacuo and with a 2.5-Å water shell, whereas in BcCsp and BsCsp, all the five beta sheets contribute to the lowfrequency modes. Although the mode distribution is identical in vacuo, the three different Csp differ in their displacement after addition of a proximal water thickness of 2.5Å attributed by the strong subdomain network and nonbonding interactions that stabilize the protein conformation to produce a dampening of amplitude that is less favorable in TmCsp. Moreover, mode 7 has a small delocalized motion indicating that primary water shells influence low-frequency collective behavior of mesophiles and thermophiles. This behavior indicates conformational transitions are different in each homologue. Moreover, the inclusion of surface water dampens the amplitude of atomic displacements. However, no significant change was observed for TmCsp upon adding proximal water thickness of 2.5Å possibly due to the strong subdomain network and nonbonding interactions that stabilize the protein conformation damping the amplitude in TmCsp. Moreover, mode 7 shows a small delocalized motion at β − II-β − III, and was dominant at the loop that connects the IV − β and V − β sheets. Mode 8 is dominant at the loop between II and III − β sheets, whereas mode 9, 10, 15, and 150 (not shown here) are conspicuously delocalized at β-III to β-I, and similar distributions were observed in surface water shell of 2.5Å, except few smaller distortions in mode 7, which significantly damped the delocalized motion of β-II to β-III. Also, it could be estimated that as the mode number increases, the distribution of modes travels starting from the C terminus to N terminus for all the three homologues. In addition, 3.5-Å systems showed comparatively higher peaks of overall domain motions than the system with surface water (2.5Å) and the in vacuo system. The absence of amplitude damping and enhanced amplitude confirms that low-frequency motions are affected significantly in the bulk water case, therefore, 2.5Å can be considered as a critical region for the transition of surface to bulk water (> 2.5Å). Upon analyzing the Fig. 5 , we did noticed that, in vacuo, mode #150 is corresponding to ≈ 70 cm −1 , when water added this particular mode number decreases ≈ 56 cm −1 for 2.5Å of water addition, and it becomes nearly 40 cm −1 for 3.5Å of water addition. We did not notice any significant changes in each of those homologues at high frequency as shown in the case of mode number 150. We used mode number 7, 9, 10, 15 to see the impact of conformational changes in low-frequency regions (<0.5 THz) of these homologues, as we know that, modes between 1 and 6 (as shown in the figures) are corresponding translational and rotational vibrations in which we could not deduce any differences out of it. Our results confirmed that modes between 7 and 15 falls under 15 cm −1 . In vacuo, for the mode number 7, frequency of 3.8 cm −1 observed for mesophilic counterpart, which is the lowest frequency compared with other two counter parts, whereas corresponding mode number thermophilic and hyperthermophilic proteins shares a frequency of 4.9 and 5.08 cm −1 , respectively. In this study, we have considered the NMA for understanding the differences of homologues, and all anharmonicities in the calculations were neglected. Note that the anharmoncity may influence our results qualitatively due to underestimation of mean-squared fluctuation of atomic coordinates, because anharmonic contributions were found to arise from rigid-body diffusion of the protein side chains. The harmonic normal modes have the same directionality as anharmonic modes but tends to underestimate the amplitude. We assume that this approach may not affect much on our results quantitatively. Unlike NMA, anharmonic aspects of protein dynamics can be included in an another method, the anharmonic normal mode analysis (ANMA), although anharmonicity is included in ANMA due to following two conditions. 1) Despite the recent success of ANMA, since it is an elastic network model, it cannot perform all atom harmonic approximation with anharmonicity included, it can only diagonalize the force constant matrix of a protein with atoms alone, so consideration of explicit binary systems like protein-lipid or protein-salt, protein-lipids harmonic approximation is impossible. 2) It has no explicit option to include the hydration shell so ANMA is not applicable to the present context of our work. Table I shows the solvation and desolvation histories of protein-water systems, at different temperatures. The desolvation process is accompanied by a strong loss of water molecules due to the high temperature. Since the system was simulated over 1 ns, the first 1000 ps can be considered as a primarily favorable evaporation process, after that, the water evaporation rate is steady and slower from 1000-2000 ps, which is considered as a secondary evaporation process step, heated system at 400 K reached an average of 331 and 329 K during the standard evaporation phase with a loss of 25 and 17 water molecules, respectively. Similarly, the 600-K system reached an average of 381 and 395 K with a loss of 250 water molecules, i.e., the systems have a tendency to shift from liquid to gas phase transitions. The results suggest that the hydration and dehydration mechanisms are quite different for TmCsp compared to BsCsp. Taking into account that the average RMSD is commonly used A from surface of the protein, protein temperature, averaged over last 1000 ps for both at primary and secondary evaporation process.
B. Regional Stability and Dehydrated Spectral Intensity
as an indicator for significant conformational changes from the native protein structure [68] . Particularly, we observed in this study (see Table I ) that the RMSD of N and C terminal residues increase with temperature. Moreover, with respect to NPT (isobaric and isothermal) and T = 300 K, the maximum deviation is observed at 400 and 600 K for all three homologues. Since all homologues pass through uniform and marked increments of N and C terminal RMSD, these do not contribute to any difference in the thermal resistivity. Despite large RMSD differences observed in the molecular structure at T = 600 K, none of the proteins undergo any significant unfolding processes, as evidenced by the radius of gyration R gyr shown in Fig. 8(a) . In particular, this quantity is a measure of the compactness of a protein in the liquid-vacuum transition, indicating the volume, orientation, and shape of the protein. The increased R gyr correlate to the expansion of the system during the desorption process; for temperatures higher than 400 K, the systems maintain their crystallographic/native secondary structures. Sudden fluctuations of R gyr at 400 K < T < 600 K indicates that all the Csp homologues pass through two structural stages during the desorption process. In particular, during the primary and secondary evaporation process, the mesophilic-Csp have a larger deviation of R gyr when observed at 600 K compared to TmCsp and BcCsp. This trend shows that the low thermal resistivity unfolding process is faster in mesophilic Csp compared to TmCsp and BcCsp, indicating less thermostability in BsCsp. Interestingly, it is noticed that the R gyr transition or pseudomelting of the protein structure starts at 410, 450, and 500 K for BsCsp, BcCsp, and TmCsp, respectively [see Fig. 8(a) ]. Additional measures to quantify protein conformation were carried out using SASA shown in Fig. 8(b) and the SESA is shown in Fig. 8(c) . Since the balance between the forces dominating protein and protein-solvent interactions is crucial to establish the secondary and tertiary structures of proteins this concept is widely used in protein structural analysis. At T = 300 K, the SASA of TmCsp, BcCsp, and BsCsp are maintained at 48, 46, and 44Å, respectively. However, these values moderately increases upon temperature-dependent desorption process (300 K < T < 350 K). For temperatures between 340 and 350 K, the SASA continues to increase in BsCsp, but did not increase for the other two homologues. At the same time, SESA (the area of the corresponding surface, which is not accessible by solvent), start to shrink due the protein-water collisions during the evaporation process. Interestingly, during the primary evaporation process, between 300 K < T < 350 K, TmCsp do not show any extreme increment of SASA as expected, but by contrast, there is a shrinkage of SESA. On the other hand, there is a sharp increase in SASA and decrease of SESA for both BcCsp and BsCsp. It can be predicted that the desorption mechanism between 300 K < T < 350 K, does not influence the conformational changes in all three homologues; and the hydration shell of the protein is still more or less intact. However, in the case of the evaporation process between 350 K < T < 600 K, due to the temperature rise in both protein and solvent and the conformational fluctuations of protein Fig. 8(b) and (c), SESA is larger and SASA is smaller. These values are considerably smaller than protein in bulk, whose behavior assumes that protein is either completely or partially free of water. Moreover, once the protein is completely exposed to vacuum (gas state) SESA and SASA no longer exist; this condition is important to determine the protein structure. It is worth mentioning that in Fig. 8(b) and (c) when compared with primary and secondary evaporation process, the mesophilic BsCsp shows a larger deviation in SASA and SESA for the evaporation process of T < 400 K, which clearly indicates that mesophilic Csp undergoes the denaturation process much faster than thermophilic and hyperthermophilic Csps. In addition, Fig. 8(d) illustrates how formation of a protein-protein hydrogen bond network profoundly increases as the number of water molecules decrease. As the temperature (see Table I ) is gradually increased, intraprotein hydrogen bonds are formed. It appears that the loss of protein-solvent bonds is compensated by the creation of new protein-protein bonds. At 300 K < T < 350 K, TmCsps maintain the hydrogen bond network during the primary and secondary evaporation process, while this trend is not found in either BsCsp or Csp. In each protein at temperatures 600 K and above, an abrupt increase in intramolecular hydrogen bonding of the order of 25% takes place, confirming that the formation of intraprotein hydrogen bonds stabilizes the protein in its solvent-free vacuum phase and provides a different conformational state for each homologue.
The ability to measure THz absorbance of biomolecules in solution has the potential to experimentally confirm MD calculations on the frequency scale of biologically relevant macromolecular motions. Studies on the effects of the solvent pH, and of denaturing agents are in progress. Studies related to vibrational density of states of lysozyme in its native and denatured states were performed using diagonalization schemes. In the context of protein stability, the beta-barrel unfolding mechanism and structural stability were observed using extensive molecular dynamics approach [69] . Since it was studied earlier so we did not concentrate on that portion, besides our motivation was not on ion/water transport on Csp homologues, we are interested, how these structural motifs and inter/intramolecular packing are if evaporation takes place under vacuum conditions. We estimate that, possibly due to loss water molecules in the core of the beta barrel, may squeeze into a beta sandwich. We elucidate the THz signature at elevated temperature, measure the temperature induced transition states and denatured state based on time-dependent trajectory analysis. Markelz et al. [6] reported experimental observation showing that the absorbance of myoglobin excited too many modes at room temperature (294 K), whereas at low temperature (77 K), the modes were suppressed. To investigate the Csp stability, it was further explored if there were any significant differences in the collective mode region during the dehydration process. It has to be noted that, to date, modeling for the temperature-dependent DOS in Csps has not been reported Fig. 9 shows the difference in the THz absorbance profile between the native conformation and the thermally induced denatured meso-, thermo-, and hyperthermoCsp profiles at 0-500 cm −1 , and the impact of low-frequency globular modes on the individual contributions of thermostability in each Csp homologue. In BsCsp, the spectral regions are shifted in the 300-K hydrated system, compared to the systems at 400 and 600 K, in addition to the simultaneous excitation of too many modes (results not shown here). In addition, different absorption bands were shifted by different amounts, which can be attributed to the temperature-dependent behavior of the different coupled lattice vibrational modes. As shown in Fig. 9 (a)-(h), all homologues shift their low-frequency modes at higher temperatures, i.e., the protein desorption process at 400 and 600 K dissipates the collective modes, and gives an increased absorption for the second peak of the saddle surface. In Fig. 9 , it can be seen that with a low-temperature desorption process (300-400 K), the mesophilic absorption shifts are greater compared to thermophilic ones; this hypothesis is supported by the fact that desorption process impacts the nonbonding interactions of proteins, and gives extremely weak temperaturedependent frequency shifts in BsCsp. The differences found in the temperature shifts of low-frequency modes are moderately less in BcCsp and TmCsp [see Fig. 9(a)-(f) ]. In contrast to BsCsp, structural evidence for the case of BcCsp and TmCsp [see Fig. 8(a)-(d) ], confirms that low-frequency regions are less affected due to the evaporation and high temperature (>400 K). At higher temperature, it is more likely that thermal motions lead to variation in both the frequency shift and the evaporation process of the system; as the evaporation process in the current study may not have allowed the system time to become completely free of water (see Table I ). It was observed that there are a few water molecules still frozen at the surface of the protein; some of these could possibly conserve the nonbonding interactions of the protein and some could possibly change the collective behavior of the protein due to the biological effect of the water network. Even if this is the case, it is also likely that the frozen solvent matrix possibly induces the variation of absorption phenomena. TmCsp [see Fig. 9 (g) and (h)] showed high-temperature (600 K) spectra, which does not change the shape of the saddle peak compared those at low temperature (300 K), whereas BsCsp and TmCsp both show a wider deviation and shift. Furthermore, due to the nature of high temperature resistivity, the spectral heterogeneity is comparatively smaller in the thermophilic Csp. On the other hand, the mesophilic BsCsp showed strong evidence of spectral heterogeneity. There also exists the possibility of anharmonic contribution to the atomic motions that are protein dependent, which become evident at high temperatures. Fig. 9(g ) and (h) shows that the anharmonicities of motion induce the transitions of different conformational substrates of the protein and functional behavior from low to high temperatures. The influence of the initial structure upon desolvated conditions on the MD simulations in proteins has not been extensively studied; however some previous research [70] , [71] , has indicated there are differences in protein structure when MALDI-TOF [72] and laser spray experiments and simulations were used. As the temperature increases, unfolding exposes more hydrophobic groups, causing an increase in hydrophobic interactions in both the primary and secondary stages of evaporation. A common practice to enhance the thermal resistance is to increase the rigidity of the molecular structure; several studies have shown that thermophilic proteins are more flexible than mesophilic ones [73] .
IV. CONCLUSION
In this study, vibrational spectra in hydrated and dehydrated phases for three geometrically similar yet functionally different beta-barrel proteins namely, mesophilic, thermophilic, and hyperthermophilic Csp were analyzed. The low-frequency THz spectra and DOS of the three Csps were calculated as a function of hydrous and anhydrous states using both NMA and MD simulations at a temperatures in the range 300-600 K. Taking into account the vibrational anharmonicities, which affect molecular motion at these temperatures and hydration levels, especially those involving averages over many modes, the normalized atomic fluctuations calculated from the normal modes and default IR spectral calculations allowed the thermostability of each Csp homologue to be clearly distinguished and characterized. Furthermore, the frequency distribution of the modes that contribute significantly to the fluctuations (<100 cm −1 ) is in consensus with the estimates from MD. This correlation provides evidence for the utility of a normal-mode treatment for the analysis of the internal motions of Csp (0-100 cm −1 ). It can be concluded that IR spectra of Csp during the evaporation process, in particular, low-frequency saddle surface region (double peak; 0-500 cm −1 ) clearly indicates differences between the thermophilic and mesophilic proteins. In addition, the absorptions associated with both amide-I and amide-II bands are sensitive to the secondary structural content of a protein. It is possible to extend our simulations with improved polarizable force fields, which has potential to open pathways to the comparison study between the meso and thermophilic homologues at different melting temperatures. When the protein moves from a hydrate state to the gas phase, the temperature drop as a function of radius of gyration confirms that mesophilic Csp undergoes faster denaturation than its other two counterparts. In our study, it was observed that during the evaporation process of the system at 400 and 600 K, protein-water clusters suddenly lost thermal contact with the water, while the average primary evaporation temperature still remained higher than the secondary evaporation temperature, due to the loss of the majority of the hydration shell. Taking this observation into account, it can be concluded that the temperature drop is relatively faster in mesophilic BsCsp, i.e., the temperature drops from 400 to 355 K for primary and from 400 to 324 K for secondary evaporation processes, which is relatively higher than observed with the other two counterparts.
